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Abstract
The ZEPLIN III liquid xenon dark matter detector is designed to potentially discover
the WIMP - a supersymmetric galactic dark matter candidate. This thesis presents
experimental results of the ZEPLIN III commissioning studies, in preparation for
the first and second underground science runs.
Data acquired on the surface, at the Imperial College London laboratories, were
used to characterise the instrument’s response in terms of light yield (LY) and
single photoelectron (SPE) spectra. A zero-field LY was measured as 7.42±0.37
phe/keV and 18.12±0.91 phe/keV in dedicated single- and dual-phase high yield
configurations, respectively, consistent with Monte Carlo simulations. Mean SPE
measured pulse areas ranged from 41.78±1.55 Vps to 52.37±1.59 Vps, depending
on the method employed. A 3-D position reconstruction was verified and, signif-
icantly, no evidence of a potentially-contaminating background α-population was
observed. This study directly lead to critical development of the DAQ software and
hardware configuration. The PMT array was confirmed as responsive and, crucially,
the particle discrimination principle was demonstrated. Zero-field LYs of (4.6-4.7)
±0.5 phe/keV were recovered from the centre of the chamber, exceeding simulation
predictions. With-field (3.01 kV/cm in the liquid) LYs of (1.2-1.8) ±0.3 phe/keV
from the liquid scintillation (S1) and an electroluminescence yield (S2) of (98-140)
±35 phe/keV from the gas phase were also determined.
ZEPLIN III was deployed in the Boulby Underground Laboratory, UK and demon-
strated successful operation at high field (up to 3.79 kV/cm in the liquid), in situ.
An alternative Poisson method for obtaining single photoelectron distributions was
developed by the ZEPLIN collaboration. The origin of long-τ events in surface
data was investigated and ultimately resolved as an artefact of early versions of
the data reduction software. An S1 zero-field LY of 4.72±0.10 phe/keV, obtained
with a 57Co external source, was recovered for the centre of the chamber. The in-
strument’s energy resolution was evaluated and a novel parameterisation approach,
developed by the author, yielded σ=1.08±0.06√E(keV ) with a dominant stochastic
term. A ‘flat-fielding’ method was established, proving to minimise the resolution
significantly, yielding 8.6% and 7.3% for S1 and S2, respectively, in the fiducialised
anti-correlated energy channel. This flat-fielding recipe, along with construction
of the light collection correction matrices, formed the basis of the final procedures
subsequently applied to first science run data-sets.
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Chapter 1
Introduction
A general overview of the evidence for dark matter, its place
in a supersymmteric framework, plausible candidates and the
two experimental approaches currently seeking to detect it are
introduced.
Chapters 2 and 3 are also introductory but provide a more in depth
discussion of the direct detection of WIMPs and the ZEPLIN III
instrument, respectively. The work chapters that follow do so in
chronological order: the analyses conducted on ZEPLIN III sur-
face data-sets, pre-deployment 1070 m underground, are described
in Chapter 4; in Chapter 5 57Co γ energy calibration, on under-
ground data, is presented; the analyses of science data, conducted
by the ZEPLIN collaboration but to which the author has made di-
rect contributions, are detailed in Chapter 6 and, finally, the main
conclusions are drawn.
1.1 The Dark Matter
Just 4.6%[2] of the mass-energy density of the Universe can be attributed to visible
matter. Of the remaining 95.4%, approximately one quarter is believed to be elusive
‘dark matter’.[2] These two kinds of matter combine to make up 28%[2] of the
total mass-energy of the Universe, with the remaining 72%[2] being dark energy,
a mysterious negative pressure pervading all space. Therefore, it is now widely
accepted that 83.5%[2] of the mass of the Universe exists in some non-luminous,
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invisible form.
Until just over a century ago non-luminous matter played no role in the description
of the mass composition of the Universe. Stars, visible matter alone were thought to
account for almost its entire mass.[3] Our current knowledge of the mass composition
may therefore seem progressive. Yet, with regard to the precise nature of this non-
luminous matter, only revealing its presence through gravitational effects, we remain
in the ‘dark’. It is this, the form of dark matter which remains one of the biggest
unanswered questions in modern astronomy, cosmology and particle physics. If this
question could be solved solutions to many other astrophysical problems, such as
complete understanding of galaxy formation, could follow.
The field remains varied in many respects; the list of proposed candidates is vast,
the detection techniques currently employed globally are diverse and the effects of
dark matter are not confined to large scales.
1.2 Evidence for Dark Matter
Dark matter is thought to exist both in and around galaxies. Not only does it
cluster with stellar matter to form galactic halos, but it also exists as a background
density over the entire Universe: its presence is ‘felt’ on all scales. In contrast, its
distribution is believed to vary significantly with scale.
The list of plausible and compelling arguments for the existence of dark matter is
extensive. Thus, a non-exhaustive discussion follows on the evidence provided by:
galactic rotation curves, the Oort discrepancy, central mass measurements, intraclus-
ter plasma X-ray emission, gravitational lensing, large scale structure (LSS), Type
1a supernovae and cosmic microwave background (CMB) anisotropies. Finally, for
completeness an alternative to the dark matter hypothesis is supplied.
1.2.1 Dark Matter in Galaxies
It is now understood that galaxies have dark matter halos extending beyond their
visible limits and that without this extra mass galaxies would fail to exist. Nev-
ertheless, why no dark matter is observed on scales smaller than galaxies remains
unknown.
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Galactic Rotation Curves
A spiral galaxy may be represented by a central bulge with a rotating disk of stars
in circular orbit around the galactic centre. The velocity profile of such a galaxy
can be estimated by applying Newton’s second law if the mass distribution of the
galaxy is approximated to be spherical or ellipsoidal. If a spherically symmetric
bulge is assumed, with constant density, the mass M at small r from the galactic
centre is proportional to r3. This implies a velocity distribution where the average
orbital velocity ν(r) ∝ r. However, for the outer region of the galaxy M(r) ∼Mgal,
suggesting that at large r, ν(r) ∼ 1/√r.
Strong evidence for the existence of dark matter is provided in the form of galactic
rotation curves which suggest a massive dark matter halo is a major component of
almost every spiral galaxy, contributing ∼90% of the galaxy’s total mass.[4]
After obtaining spectra of the Andromeda galaxy in 1939 Babcock[5] demonstrated
that the outer regions of M31 rotated at velocities higher than expected. In an
attempt to explain this he concluded that either the outer mass-to-light ratio was
higher, or strong dust absorption occurred. In 1940 Oort remarked that “the distri-
bution of mass in this system appears to bear almost no relation to that of light”[6]
when referring to the S0 galaxy NGC3115.
In 1954 Schwarzschild[7] claimed that “in any one galaxy the mass distribution and
luminosity distribution are identical”. Crucially, inaccurate observations were not
capable of disproving this. As a result Schwarzschild single-handedly delayed a dark
matter component of the Universe from being widely-accepted by almost a decade.
In 1970 Rubin and Ford[8] demonstrated that, like Babcock and contrary to
Schwarzschild’s argument, the observed mass-to-light ratios do increase with in-
creased enclosed volume; thus the rotation curves do not ‘drop-off’ at large dis-
tances, but instead remain flat. The implications of this, the apparent existence of
matter in the absence of visible matter, are immense. It is this discrepancy between
the expected velocity profile and the observed which accommodates a dark matter
contribution.[9]
The amount of matter required to stabilise a spiral galaxy was studied in 1973
by Ostriker and Peebles with simulations.[10] They found that the only way of
preventing it from flying apart was to factor in a halo, at least as massive as the
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galaxy itself, in which the galaxy was immersed.
Interpretation of the Milky Way’s rotation curve indicates that within the optical
disk, r .25 kpc, approximately 70%[11] of the total mass is in the form of dark
matter. Furthermore, in excess of 90%[11] of the total mass is dark out to ∼230
kpc. This suggests that, for the Milky Way, the dominance of dark matter increases
with radial scale. In 1993 Rubin[11] concluded that this trend is not unique to the
Milky Way, but exists over all galactic scales.
Measurements of dark matter halo parameters by Kormendy and Freeman[12] in-
dicate that smaller galaxies have larger dark matter densities. Indeed, the velocity
dispersions (the spread in measured stellar velocities) of dwarf galaxies are very large
- a direct indication of dark matter.
The Oort Discrepancy
Further evidence for dark matter, on both subgalactic and inter-galactic scales, is
provided by the Oort discrepancy. In 1932 Oort computed the total matter density
in the solar neighbourhood to be 0.092 M pc
−3 ± 20%[13]. Through the effect of
the gravitational field on the motion of stars (normal to the plane of the Milky Way)
Oort also estimated the local matter contribution from stars as 0.038 M pc
−3 and
the total mass of nebulous or meteoric matter near the sun as <<0.05 M pc
−3.[13]
In 1960 Oort recalculated the total matter density in the solar neighbourhood to be
0.15 M pc
−3 ± 10%.[14] Hence, Oort’s results revealed a discrepancy. To resolve
this it was suggested that visible and unobserved ‘missing’ matter coexist in the
solar neighbourhood.
It should be noted that although this discrepancy is significant on subgalactic scales
it is amplified further on larger scales. Relative to the dark matter halo component
however disk dark matter is less important.
1.2.2 Dark Matter in Galaxy Groups and Clusters
Dark matter is a major constituent of mass on both galactic-scales, and larger scales,
i.e. clusters of galaxies. The derived value of the non-baryonic density, Ωnb∼0.2-0.3,
for clusters of galaxies is larger than that of individual galaxies.[15]
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Central Mass Measurements
Estimates of the dynamical mass,M , of clusters of galaxies may by obtained through
application of the Virial Theorem, and radii and velocity measurements. Approxi-
mately forty years prior to Rubins’ observational evidence for dark matter, Zwicky
used this method, comparingM with the luminosity, L, in 1933[16]; observing radial
velocities of eight galaxies in the Coma Cluster. He found that the mean density of
the cluster was significantly larger than that implied solely from luminous matter.
In fact, the mean density was calculated to be ∼50 times greater. Zwicky concluded
that the mutual gravitational attraction of individual galaxies is insufficient to bind
clusters.[16] Thus, he proposed that only a small fraction of all mass in the Universe
is in the form of visible matter: providing the first evidence for the presence of dark
matter on large scales.
Within three years of Zwicky’s remarkable discovery Smith too claimed to observe a
mass, larger than expected, this time in the Virgo Cluster.[17] Later, in 1959, Kahn
and Woltjer[18], oblivious to the findings of both Smith and Zwicky, suggested that
most of the mass of the Local Group exists in some invisible form.[3]
Intracluster Plasma X-ray Emission
If no dark matter component exists within clusters of galaxies the hot gas, or in-
tracluster plasma within them would have expanded outwards. This is not the
case. X-ray telescopes have observed this intercluster medium, indicating that the
measured gravitational force exceeds the pressure force of the hot gas in clusters.
Gravitational Lensing
Light from a distant object follows the path of space-time which appears curved
by an intermediate massive object acting as a lens. This lens focuses the image
of the background source to a different location, thereby distorting the positions
and sizes of distant galaxies. This process, known as gravitational lensing, has
many applications in astronomy including measurement of the Hubble constant and
‘weighing’ galaxies to estimate their dark matter content.[15] Computation of the
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latter requires the source-to-observer distance, the lens-to-observer distance and the
image positions to be known.[9]
Three strength regimes of gravitational lensing exist: strong lensing, weak lensing
and microlensing. Strong lensing is the most extreme of the three lensing effects
and requires a very massive lens close to the line of sight of the source to create
more than one image. Although weak lensing, as the nomenclature suggests, is too
weak to produce multiple images or arcs the source can still be stretched (shear)
and magnified (convergence). The light from distant galaxies is weakly lensed or
scattered by matter and dark matter clumps enabling the dark matter distribution
to be mapped on large scales. When microlensing occurs the excess curved light
seems to brighten the source and will occur if massive astronomical compact halo
objects (MACHOs), such as brown dwarfs, intercept the line of sight between the
observer and a distant star.[19]
Observations of strong lensing in clusters yield mass-to-light ratios consistent with
other dark matter cluster measurements. Similarly, those obtained through weak
lensing yield consistent results. As well as detecting more mass than is visible in
clusters of galaxies, adding considerable weight to the argument for dark matter,
gravitational lensing also provides a direct measurement of the dark matter density
of the Universe.
1.2.3 Cosmological Dark Matter
Evidence of dark matter on cosmological scales is provided by the large scale struc-
ture (LSS), Type 1a supernovae (SNe) and, on the largest scale (∼103 Mpc), cosmic
microwave background (CMB) anisotropies. On such scales dark energy and dark
matter are thought to drive the accelerating expansion of the Universe.
Large Scale Structure
Small perturbations (or density irregularities) present in the early Universe evolve
through gravitational growth, giving rise to the LSS we see today. Our understand-
ing of the LSS is developed by surveys of distant galaxies and spatial distribution
and peculiar motion measurements. Additionally, N -body numerical simulations of
galaxy formation are applied to solve the mysteries associated with this evolution.
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These simulations place constraints on particle velocities and cross sections, produc-
ing results which require a matter density higher than allowed by visible components
alone.[20]
Type 1a Supernovae
The brightest class of SNe are Type 1a and are of particular cosmological use. This
is because they can be seen up to such high redshifts as z=1 when the Universe was
approximately half its present age since they are standard candles.
Type 1a SNe, of known luminosity, can act as effective standard candles determining
distances. Therefore, the Hubble parameter (describing the current expansion rate
of the Universe) can be monitored through comparison of brightness and redshifts
of nearby and distant Type 1a SNe. When compared to those nearby, distant SNe
at high redshifts are observed to be fainter than predicted. This provides direct
evidence for a currently accelerating and expanding Universe and measures the dark
energy component ΩΛ to be finite.[21]
Cosmic Microwave Background
Following the Big Bang the early Universe entered a period of recombination, a
hot, dense phase during which electrons get captured by ionised Hydrogen and
Helium atoms. At the end of this stage the Universe consists, mostly, of neutral
atoms, through which photons can travel freely. Background radiation from photon
propagation is thought to be a remnant of this stage and is known as the CMB.
Density irregularities give rise to temperature differences in the CMB across the
sky. The CMB spectrum follows that of a black body, with a temperature T =
2.726 K, but is anisotropic to one part in 105; its temperature varies with direction
in the sky and hence the brightness too varies.[22]
Not only are measurements of the CMB temperature useful but measurements of
properties of the anisotropies also prove valuable. These provide constraints on cos-
mological parameters and hence on the total amount of dark matter in the Universe.
The Balloon Observations Of Millimetric Extragalactic Radiation and Geophysics
(BOOMERanG)[23] and Millimeter Anisotropy eXperiment IMaging Array (MAX-
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IMA) [24] experiments both measured the CMB properties using balloon-borne ex-
periments. BOOMERanG first measured the CMB temperature in 1999[23], estab-
lishing that the Universe is indeed flat with Ω=1.
The Wilkinson Microwave Anisotropy Probe (WMAP)[2] satellite measures the tem-
perature fluctuations with superior accuracy and therefore produces maps with
greatly enhanced resolution. Combining data from the WMAP experiment and
several smaller-scale experiments constrains the baryon and matter abundances in
the Universe to values consistent with predictions from Big Bang Nucleosynthesis
(BBN) - see Section 1.5.1 - and a flat Ω=1 Universe.[22]
A simple 6-parameter Ω=1 CDM cosmological model fits the 5-year WMAP tem-
perature and polarization data alone where the cold dark matter density, Ωc,
is 0.214±0.027[2]. Hence the existence of dark matter is suggested from CMB
anisotropy data alone, even without the wealth of alternative supporting evidence.
Combining these WMAP data with other experimental data-sets leads to cosmolog-
ical density parameters, currently used to describe the generally accepted model, as
discussed in Section 1.3.
1.2.4 An Alternative Explanation: MOND
Modified Newtonian Dynamics (MOND) was proposed by Milgrom in 1983[25]. In
the limit of small acceleration MOND modifies Newton’s second law: describing the
proportionality between the observed acceleration, a, and mass, m, of an object,
produced by a force, F , where F = ma.[25] MOND suggests that
F = mµ
(
a
a0
)
a (1.1)
should be adopted instead, where the quantity µ(x) is a function of the ratio (a/a0),
a0 is an acceleration constant, and has specified behaviour when x is large or small
(µ(x >> 1) ≈ 1, µ(x << 1) ≈ x).[26]
On galactic scales the gravitational force is small because of the large distances
between stars. Therefore MOND effects should be evident on such scales. This
adjustment to Newton’s law could imply a change to inertia or to the gravitational
force. Verification of the latter maybe pursued using space experiments, performed
where the force of gravity dominates.[25]
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In ‘ordinary’ situations, here on Earth, a >> a0 ⇒ µ( aa0 ) ≈ 1 and Newtonian dy-
namics is restored. However, over large distances r from the galactic centre to an
outer star, a << a0 ⇒ µ( aa0 ) ≈ a/a0. Combining this with the equation for a star
experiencing the gravitational force far from the galactic centre (F = GMm/r2
where G is the gravitational constant and M is the mass of the galaxy) gives
GM/r2 = a2/a0. The acceleration from this expression is then equated to the
acceleration defined for a circular orbit in the rotation law (a = v2/r), yielding
v4 = GMa0 (1.2)
This implies that the velocity of a star, on a circular orbit, far from the galactic
centre, is independent of r. Thus, it is characterized by a flat rotation curve in
the low acceleration limit. This validation of flat rotation curves is what presents
MOND as an alternative to the dark matter hypothesis. Observations of v applied
to this expression, by Milgrom, define the acceleration constant a0 as 1.2×10−10m
s−2.[27]
In order to confirm (or discredit) MOND as a theory compatible with observations,
experiments have to be performed on physical process involving small accelerations
i.e. the dynamics of galaxies or larger systems. Milgrom realised that this theory
may be validated through observations of low surface brightness (LSB) galaxies. A
large radius compared to their mass is one attribute of LSB galaxies. This property
means that a significant majority of stars within LSB galaxies occupy the flat part of
the rotation curve. Prior to the acquisition of actual data on the rotation curves of
these galaxies being acquired, Milgrom predicted that the curves are predominantly
flat. The anticipated effects of MOND allowed him to go further, saying that the
proportionality factor in the v4 ∝ M relation (Equation 1.2) is the same for these
galaxies as for higher surface density galaxies.[26] Observations of LSB galaxies by
the divided community later both confirmed and refuted MOND’s validity.
Relativistic extensions to MOND, required for its application on large scales, to
address gravitational lensing or cosmology, have recently been developed.[28] Ex-
periments are being designed to test this and new predictions of MOND; such as
the distortion of satellite dynamics, unexplained by a dark matter halo. However,
strong challenges to this extension arise from recent observational discoveries: the
bullet cluster and the ring.
The first direct empirical proof of the existence of dark matter, independent of the
nature of the gravitational force law, was presented in 2006 following weak lensing
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observations of the bullet cluster (IE0657-56)[29]. In a MOND scenario with no dark
matter the gravitational potential would be expected to trace the baryonic matter.
Instead, the derived map of gravitational potential exhibited an 8σ spatial offset
between the peaks of the lensing and baryonic mass distributions. This observed
displacement cannot be explained with a modification of the gravitational force
law and proves the presence of a dominant collisionless dark matter component,
questioning the MOND paradigm.
In 2007 lensing observations of the galaxy cluster Cl0024+17 revealed a ring-like
dark matter substructure with a distribution that is not traced by the intraclus-
ter medium nor by the cluster galaxies.[30] Reconstructed mass maps showed the
ring to be significant at the &5σ level with respect to the background. The ob-
servational evidence agreed with the hypothesis that such a feature results from a
high-speed line of sight collision with another massive cluster ∼1-2 Gyr ago. This
work was accompanied by a collisionless N -body simulation of a collision of two
massive clusters, demonstrating a possible explanation for the origin of the ring as
radially expanding decelarating dark matter shells. Moreover, this was supported
by the observed flat density profile. It has been argued that the offset of the ring
from the gas and galaxies is difficult to explain within the MOND prescription.[30]
However, this continues to be highly debated.[31][32]
For the majority of astronomers, MOND currently remains an ad-hoc and insufficient
adaption to gravity, with the goal of replacing dark matter unsatisfied.[15]
1.3 The ΛCDM Model
Einstein’s field equations are a fundamental part of the cosmological model, relating
the geometry of the Universe with its matter and energy content. Therefore the
Friedmann equation, which can be obtained by solving these, impacts enormously
on our understanding of dark matter. Utilising this, cosmological models can be
classified in the following way:
• ρ < ρc Ω < 1 k = −1 OPEN (Universe expands forever)
• ρ = ρc Ω = 1 k = 0 FLAT (critical case)
• ρ > ρc Ω > 1 k = +1 CLOSED (leads to an inverse Big Bang)
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where ρc is the critical density of the Universe (≈ 10−29 gcm−3) and k is a con-
stant describing spatial curvature. The simplest case, where k=0, corresponds to
a flat, Ω=1 Universe. This scenario is consistent with the proportions of density
components, including that of dark matter in the Universe, detailed in Table 1.1. It
forms part of the current widely-accepted and simplest cosmological description of
the Universe: the Λ-Cold Dark Matter (ΛCDM) or concordance model.[22]
ΩΛ Ωm
0.721±0.015[2] 0.279±0.015[2]
Ωb Ωnb
0.0462±0.0015[2]
Ωlum Ωnlum Ωc Ωh
∼0.0231[33] ∼0.0231[33] 0.233±0.013[2]
Table 1.1: Density components of the Universe and the corresponding uncertain-
ties at the 1σ level (∼68%) derived from the WMAP data and other experimental
data-sets.[2] The dark energy or vacuum energy, ΩΛ, constitutes over two thirds
of the Universe’s total mass-energy density. The non-baryonic matter component,
Ωnb, consists of cold, Ωc, and hot, Ωh, dark matter. The baryonic matter com-
ponent, Ωb, can be further classified as either luminous, Ωlum, or non-luminous,
Ωnlum.
The ΛCDM model assumes a flat Universe, a significant dark energy term and a
cold, non-baryonic and collisionless dark matter component. Here, cold refers to the
dark matter particles being non-relativistic in the early Universe. Although proven
successful and consistent, agreeing with observations as discussed in Section 1.2, this
model offers no description of the origin of dark matter.
1.4 Supersymmetry
The supersymmetric extension to the standard model of particle physics is a convinc-
ing part of our description of nature. However, at present none of the additional
particles predicted by supersymmetry (SUSY) have been observed and SUSY re-
mains a hypothesis.
1.4.1 The Standard Model
The standard model of particle physics (SM) consists of three key elements: particles
(six leptons and six quarks along with their corresponding anti-particles); interac-
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tions (weak (W±, Z0), electromagnetic (γ) and strong (8 gluons)); the Higgs boson
(H0). A neutral scalar field, in the form of the Higgs boson, is necessary to introduce
mass into the SM.
Proof of the success of the SM exists, such as its ability to make accurate
predictions.[34] Indeed, the SM is an effective theory up to ∼102 GeV. However,
the description of the Universe provided by the SM so far is thought to be in-
complete. Among others the SM does not explain: why quarks and leptons are
grouped into three families; why it does not include a description of gravity; the
matter dominance, over anti-matter, of the Universe; the Hierarchy problem. Many
of these inadequacies can be resolved with the inclusion of a new type of symmetry
- Supersymmetry.
1.4.2 SUPERsymmetry
SUSY is a symmetry between fermions (the constituents of matter) and bosons (the
interaction mediators). This unification demands a complete set of new partner,
or supersymmetric, particles associated with each of the known particles. These
differ from ordinary particles in terms of spin and mass. The SM defines matter
with non-integer spin S=1/2 and force carriers with integer spin S=1 whereas the
reverse is true for SUSY.
The simplest extension to the SM and most widely-studied, plausible SUSY model
is the minimal supersymmetric standard model (MSSM). The MSSM extension, with
124 associated parameters, contains the smallest possible field content necessary to
give rise to all the fields of the SM.[22]
SUSY explains phenomena that the SM simply can not. As well as providing dark
matter candidates and potentially enabling force-unification between gravity and
the SM forces it undoubtedly owes its success to its stabilization of the Higgs mass
and its resolution of the Hierarchy problem. The infinite Higgs mass, implied by
the SM can indeed be redefined as finite with SUSY considerations. Also the huge
difference between the electroweak and Planck energy scales together with the fact
that the Higgs boson is considerably lighter than the Planck mass are stabilized
by SUSY. Experimental verification of the existence of the heavy top quark is just
one example of a confirmed SUSY prediction.[35] Despite all this, research spanning
three decades has produced no direct evidence for the existence of superpartners -
insisting SUSY, like the SM, is a broken symmetry - and it seems that even with
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this extension we have still not arrived at a fundamental theory. Supersymmetry is
unlikely to be the final word.
1.4.3 Supersymmetric Dark Matter Candidates
The multiplicative quantum number R-parity is conserved in SUSY and is given by
R = (−1)3B+L+2S where B, L and S are baryon number, lepton number and spin,
respectively. For ordinary particles R = +1 and for supersymmetric particles R =
−1. This implies that supersymmetric particles can only be created and annihilated
in pairs. In order for R-parity to be conserved one SUSY particle can not decay into
ordinary particles only. A heavy SUSY particle may however decay into a lighter
SUSY particle as well as ordinary particles. Therefore, by definition, the lightest
supersymmetric particle (LSP), having no allowed state to decay into, is stable.
After the Big Bang, large quantities of supersymmetric particles (and their antipar-
ticles) would have been produced. Then, following the cooling and expansion phase,
almost all of these would have decayed through annihilation, except the LSP. The
particle-antiparticle annihilation probability decreases with time, as the Universe
expands and the interaction cross section naturally leads to a cosmologically signif-
icant population of LSPs which may still exist today as Big Bang relics. If neutral,
they would interact very weakly and if massive, they could contribute to the dark
matter content of the Universe.[36]
Although the original motivation for a supersymmetric extension to the SM was
thought to be irrelevant to the problem of missing mass, in 1983 Goldberg[37] pro-
posed the LSP, with absolute stability, to be a possible, neutral and colourless dark
matter candidate.[15]
Four neutralinos χ˜0i (i = 1, 2, 3, 4) are theoretically predicted as a consequence of
SUSY. They are the physical superpositions of the fermionic partners of the neutral
electroweak gauge bosons (bino and wino) and the fermionic partners of the two
neutral Higgs bosons (Higgsinos). The χ˜01 is the lightest neutralino and is thus the
LSP. [15]
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1.5 Dark Matter Candidates
There is strong supporting evidence for the existence of dark matter. Furthermore,
experimental evidence confirms that dark matter clusters with stellar matter forming
galactic halos. Evidence also suggests that dark matter inhabits the entire Universe
as a background density.[15] The question of which form(s) it takes however is the
problem tackled in the current era.
In the 1970s the astronomical community recognized the significance of the ‘missing’
mass and by 1975 they were convinced of the existence of missing mass and its
potential cosmological impact. At this time however the precise form of this missing
mass remained unresolved with white and brown dwarfs, black holes and very hot gas
provisionally nominated.[38] Over the last thirty years many potential candidates
have been investigated and subsequently eliminated. With regard to those originally
proposed the current short-list is somewhat more exotic.
1.5.1 Baryonic Dark Matter
Brown dwarfs, massive black holes, neutron stars and planets are all baryonic astro-
physical objects. That is, they consist of baryonic matter (protons and neutrons).
This group are collectively known as massive astronomical compact halo objects
(MACHOs) and the former two are the main MACHO candidates for baryonic dark
matter. There is no doubt that some of the dark matter content can be attributed to
these. However, the limit on the number of baryons that can exist, set by Big Bang
Nucleosynthesis (BBN), is simply too small to account for the whole dark matter
fraction.[15]
The theory of BBN is now the generally accepted view of light-element production in
the early Universe. It details how the light elements (2H, 3He, 4He, 7Li) were formed
via fusion of protons and neutrons in the first ∼3 mins after the Big Bang. By this
time the temperature of the Universe would have cooled from 1032 K, when all matter
was fully ionized, to ∼109 K. After this time, the temperature of the Universe along
with the density dropped below that required for nuclear fusion. Elements heavier
than Helium are believed to originate in star interiors, while some Helium is also
formed there, considerably later than those formed by Nucleosynthesis.
BBN can be applied to estimate the present total baryonic matter content of the
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Universe by comparison of the He/H abundance ratio observed today with the bary-
onic matter content at t .3 mins. Such studies indicate that the majority of the
He we observe today was created within this time, leading to a lower limit on the
He abundance at t .3 mins. A low, early baryon density, hindering the production
of heavier elements, can not account for this He abundance. Confirmed by obser-
vations of MACHOs through gravitational lensing, more (non-baryonic) candidates
are needed.[15]
1.5.2 Non-Baryonic Dark Matter
Non-baryonic particles, such as neutrinos, photons and free electrons, can either be
‘hot’ or ‘cold’ according to whether they were, or were not, moving with relativistic
speeds when galaxy formation began. The three most promising non-baryonic dark
matter candidates are neutrinos (hot), axions (cold) and weakly interacting massive
particles (WIMPs) (cold).
The view that hot dark matter dominates the Universe is unpopular and incon-
sistent with the existence of the galactic halo. This would imply that clusters of
galaxies form first, with individual galaxies only recently formed via fragmenta-
tion. Instead hierarchal clustering of smaller units agrees with the accepted ideas of
galaxy formation.[19] Thus, neutrinos are not believed to be the prime non-baryonic
dark matter candidate despite them being the only dark matter candidates actually
known to exist.
The existence of axions, very light (10−6 eV-10−3 eV [36]) hypothetical bosons and a
cold non-baryonic dark matter candidate, is currently being investigated. However
so far no evidence for this has been found. Furthermore, the role they play in
contributing to the dark matter content is still undefined.[9]
The supersymmetric extension to the SM predicts the neutralino, a particular
WIMP, as a plausible cold dark matter candidate among others: sneutrinos, graviti-
nos and axinos. Neutralinos do not emit or absorb radiation and there are numerous
final states into which they can annihilate. Even though the neutralino relic abun-
dance is technically sufficient to be detected, it is because they interact weakly that
they remain undetected. Since they are believed to be present in the Milky Way
and to get trapped by and accumulate in massive dense objects in galactic halos
(e.g. the Sun, Earth) a potentially detectable neutralino flux on Earth is assumed.
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The lightest of the four neutralinos χ˜01 (see Section 1.4.3) is the most promising non-
baryonic cold dark matter candidate, with mass & 37 GeV[39]. For completeness,
superheavy, weakly interacting and extremely massive (> 1010 GeV) relic particles
termed wimpzillas are also candidates for non-baryonic dark matter.[15]
While the SM itself does not allow non-baryonic particles to account for all dark
matter, extensions to it do. Thus, identification of non-baryonic dark matter would
encourage physics beyond the SM.[15]
1.6 Experimental Searches
Many experiments across the world are either currently operational or are in the
development phase to detect dark matter directly in the form of WIMPs. Meanwhile
an attempt to detect dark matter indirectly is also a global effort: seeking to detect
the numerous products of WIMP annihilations in the galactic halo or the centre of
the Sun.
1.6.1 Direct Detection
Direct detection of WIMPs does not demand the assumption of a specific dark
matter candidate. It simply involves the detection of WIMPs in the mass range
of ∼1 GeV - 1 TeV.[40] By definition the interaction of WIMPs with ordinary
matter and thus detector materials is weak. Therefore a WIMP detection, which
must be statistically significant, is more likely in larger detectors. For this reason
most direct WIMP searches involve scalable detector designs, ideally seeking to
upgrade to ton-scale target masses. Currently, the favoured method of directly
detecting WIMPs is through nuclear scattering within the target volume. Direct
detection experiments have constrained WIMP-nucleon interaction cross sections to
low values, corresponding to high annihilation rates which theory predicts.
The first evidence for direct WIMP detection from the Italian DArk MAtter
(DAMA) group in 2003[41] has still not been independently confirmed by other
collaborations.[42] This is looking increasingly unlikely since other competing exper-
iments such as Cryogenic Dark Matter Search (CDMS)[43], Experience pour DE-
tecter Les Wimps En SIte Souterrain (EDELWEISS)[44], XENON[45] and ZonEd
Proportional scintillation in LIquid Noble gases (ZEPLIN)[46] have already probed
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this area of parameter space without registering a positive signal. However, the
annual variation signal detected by DAMA with a 100 kg detector during its first 7-
year run has recently been reproduced by an upgraded, 250 kg second 4-year run.[47]
Although this adds some weight to the unconfirmed and highly-refuted first result,
the DAMA findings have not been reconciled with the lack of signal recorded by the
rest of the field.
The Korea Invisible Mass Search (KIMS)[48] detector is currently operational at
the Yangyang Underground Laboratory. Results from the KIMS CsI scintillation
experiment offers a comparison with DAMA. In 2007[48] KIMS presented a limit on
the spin-independent (and spin-dependent) WIMP-nucleon cross section, with 3409
kg×days data using four crystals, of ∼2×10−6 pb. For the first time, the DAMA
signal region[41] was ruled out by a fellow crystal detector also containing 127I, for
WIMP masses higher than 20 GeVc−2.
Two examples of cryogenic phonon and scintillation experiments are Cryogenic Rare
Event Search with Superconducting Thermometers (CRESST)[49] and Rare Objects
SEarch with Bolometers UndergrounD (ROSEBUD)[50]. The CRESST experiment
is located at the Gran Sasso Underground Laboratory, Italy. The second genera-
tion detector, CRESST II, returned a dark matter limit of 6×10−7 pb[49] with only
67 kg×days exposure and two, of a potential thirty-three (10 kg total mass[51]),
detector modules. Using small sapphire (Al2O3) bolometers the initial ROSEBUD
experiment at Canfranc Underground Laboratory, Spain, probed down to ∼10−1
pb[50]. After experiencing difficulties in identifying contaminant sources[50], re-
flected in the sensitivity achieved, the ROSEBUD collaboration has switched to
using alternative bolometers (see [52]).
The XENON experiment is among many currently utilising liquid xenon (LXe) tech-
nology. This predominantly USA collaboration has a 10 kg prototype, XENON10,
running in Gran Sasso. Results published in 2007[53] make it the most sensitive de-
tector in the race to detect dark matter, having set a new upper limit for the WIMP-
nucleon spin-independent cross section. A 100 kg upgraded detector is planned and
due to deliver more sensitive results in 2009. The Italian-American Wimp AR-
gon Programme (WARP) experiment is also operating underground at Gran Sasso,
utilising liquid argon technology.[54]
The USA-based CDMS II and European EDELWEISS II phonon and ionisation,
cryogenic experiments are currently operational in the Soudan mine, Minnesota and
at the Modane underground laboratory, France, respectively. The 2008 CDMS II
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limit, combining recent and previous data-sets, reaches the same minimum cross
section as XENON10 but with more sensitivity at higher masses.[55]
The UK Dark Matter Collaboration (UKDMC) developed, installed and ran the
ZEPLIN I[56] LXe WIMP detector 1070 m underground at the Boulby mine, North
Yorkshire, in the initial phase of their continuous ZEPLIN programme. World-
leading limits from the second generation detector within this programme, ZEPLIN
II[57], were published in early 2007. Part of this group have formed the ZEPLIN
collaboration, developing the ZEPLIN III[58] detector within the same, long-term,
progressive programme. It is designed to be more sensitive to WIMPs than its
predecessors by employing a more challenging discrimination technique and is the
focus of this thesis.
Looking to the future worldwide efforts to detect dark matter directly are planned
with the European LIquid Xenon Identification of Recoils (ELIXIR)[59] and Large
Underground Xenon (LUX)[60] experiments, both exploiting LXe technology. The
ZEPLIN III collaboration is leading the ELIXIR programme, with involvement
from XENON10 whilst the LUX collaboration includes the XENON10 (USA) and
ZEPLIN II (USA) teams. This co-ordinated ‘big push’ to detect dark matter draws
on global expertise and cutting-edge technology on a large scale.
1.6.2 Indirect Detection
Evidence of WIMP–anti-WIMP annihilations, by their products and not the WIMPs
themselves, is sought in the field of experimental WIMP indirect detection. The an-
nihilation products may be in the form of protons, antiprotons, electrons, positrons
or gamma-rays in the galactic halo, or as high-energy neutrinos at the centre of the
Sun or Earth.
In contrast to the direct detection of dark matter, indirect detection does demand
the assumption of a specific dark matter candidate. The current worldwide effort
to indirectly detect WIMPs focuses specifically on the neutralino.
Non-relativistic neutralinos are hypothesized to accumulate in the centre of large
astrophysical objects, like the Sun and the Earth, through elastic scattering with
the object’s nuclei. Each successive scattering event will reduce the neutralino’s
energy, transporting it further and further inside the body, in a process known as
gravitational capture. Since they are their own anti-particles the neutralinos within
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this captured population at the centre of the body could annihilate, producing a
range of secondary particles. In these regions the high-energy neutrino fluxes (10-
100 GeV) are enhanced above the background rate of solar neutrinos (∼MeV). This
potentially detectable signal is currently pursued by various neutrino telescopes.
However, as neutrinos are weakly interacting particles detecting them is proving
a great experimental challenge. Even so, current observations suggest neutrinos
are neither sufficiently massive nor plentiful to account for the entire dark matter
fraction.
Both neutrinos and γ-rays maintain their original direction. Exploiting this, ex-
amples of current neutrino experiments on the Earth’s surface hoping to detect
high-energy neutrinos through their directional signature include: Astronomy with
a Neutrino Telescope and Abyss environmental RESearch (ANTARES)[61]; ICE-
CUBE, the Antarctic Muon Neutrino Detector Array (AMANDA)[62] extension;
Sudbury Neutrino Observatory (SNO)[63]; Super-Kamioka Nucleon Decay Exper-
iment (SUPER-Kamiokande)[64]. Meanwhile cosmic γ-ray experiments can be
classified into two types: space-based telescopes such as Energetic Gamma Ray
Experiment Telescope (EGRET)[65] and Gamma-ray Large Area Space Telescope
(GLAST)[66]; ground-based telescopes such as Collaboration of Australia and Nip-
pon for a GAmma Ray Observatory in the Outback (CANGAROO)[67], and High
Energy Stereoscopic System (HESS)[68]. Furthermore, experiments which are
searching for evidence of dark matter annihilations in the spectra of positrons, anti-
protons, or both also exist, such as Alpha Magnetic Spectrometer (AMS)[69].
A very different experiment, the Large Hadron Collider (LHC)[70] particle accel-
erator at CERN will search for supersymmetric particles, including the predicted
neutralino, studying its production. It is due to be operational this year and re-
lease physics results before 2010: anticipated to coincide with reaching the lowest
predicted neutralino limits by alternative methods. This highlights the fact that
diverse approaches and technologies are being utilised. For instance, direct detec-
tion experiments are not rendered obsolete by the possibility of detecting high mass
WIMPs with greater sensitivity in indirect detection experiments. Instead, the two
avenues of investigation are deemed complementary.
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Chapter 2
Direct Detection of WIMPs
This chapter focusses on the direct detection of a specific type of
supersymmetric dark matter candidate: the WIMP. A detailed dis-
cussion of WIMP signatures and detection principles follows. In
addition, a review of the two categories of WIMP detectors, single
and dual channel, is provided.
2.1 WIMP Signatures
The hypothesis that the galactic halo is filled with WIMPs, which routinely pass
through the Earth, can be tested directly by studying: the recoil energy of nuclei,
annual modulation of events, or diurnal modulation of recoil direction. Each of
these is detailed below, with focus given to the nuclear recoil strategy as employed
in ZEPLIN III.
A more thorough description of the ZEPLIN III instrument design, detection prin-
ciples and microphysics can be found in Chapter 3.
2.1.1 Nuclear Recoils
WIMPs are expected to scatter off detector target nuclei either through an elastic
or inelastic scattering process.[42] In the former case the energy deposited to the
recoil nucleus ER depends on the interaction itself, the WIMP mass, mw, and the
WIMP velocity distribution, v.[71] In general this energy can then give rise to photon
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emission, charge release and phonon production. Low-background detectors looking
for these signals may prove capable of directly detecting WIMPs.
The positive identification of a WIMP signal via WIMP-nucleon scattering would
require the study of nuclear recoils at low energies .100 keV. The maximum energy
transferred in a nuclear recoil, from a head-on collision of equal masses, is equal to
the WIMP’s kinetic energy, E0, where:
E0 =
1
2
mwc
2
(v
c
)2
(2.1)
and v ∼102 km s−1, c ∼105 km s−1, 1
2
mwc
2 ∼GeV, implying that E0 ∼keV.[71]
The physics associated with WIMP direct detection can be explained more com-
pletely within the following framework. For the simplest case of a detector station-
ary in the Galaxy the differential energy spectrum, or expected number of counts
per recoil energy bin, is given by:
dR
dER
=
R0
E0r
e−ER/E0r (2.2)
where R, ER, R0 and r are the event rate per unit mass, the recoil energy, the
total event rate and the target nucleus kinematic factor, respectively.[71] Here, E0
is the mean kinetic energy of a distribution. Experiments measure the differential
rate on the left-hand side of Equation 2.2, allowing a corresponding value for R0
to be calculated, from the right-hand side, as a function of mw.[72] To describe the
dark matter differential energy spectrum more accurately modifications to Equation
2.2 are required. These account for: the Earth’s motion, recoil detection efficiency,
instrumental resolution and threshold, the use of multiple target elements, spin-
dependent and coherent factors as well as the nuclear form factor, F . The form
factor correction is due to the actual size of the nucleus being finite and is depen-
dent on the recoil energy.[72] With the above modifications Equation 2.2 takes the
following form
dR
dER
= 2NT
n0σ0
mwr
F 2(ER)
∫ vesc
vmin
f(v)
v
dv (2.3)
vmin =
√
2ER
mwr
(2.4)
r = 4
mwmn
(mw +mn)2
(2.5)
where f(v), n0, vesc, NT and mn are the WIMP velocity distribution, the mean dark
2.1 WIMP Signatures 47
matter particle number density, the escape velocity (∼600 km s−1), the number of
target nuclei and the target nucleus mass, respectively. Here f(v), vesc, and n0 are
astronomical terms, associated with the WIMP’s source and location. The unknown
WIMP-nucleus interaction cross section, σ0, and WIMP mass are to be determined
by direct detection. Variables relating to the physics of the detector itself are NT ,
ER, mn and F
2(ER). Note that the number of counts per recoil energy (see Equation
2.3) is clearly dependent the mass of the target nucleus mn and thus on the target
material.[42] It is this WIMP-nucleus interaction rate equation, together with the
approximate, known galactic dark matter density and flux, which enables a limit
on R0 to be converted to one on the particle interaction strength, or cross section.
Hence, results of experimental direct detection experiments can be plotted in the
mw-σ0 plane.[72]
Detector Sensitivity
The fundamental process involved in WIMP-nucleus scattering is WIMP-quark scat-
tering. When summed over the quarks present in all nucleons this yields an effective
WIMP-nucleus cross section defined as:
σ0 =
signal event [s−1]
total f lux [cm2 s−1]
(2.6)
WIMPs are expected to scatter off nuclei rarely, at a rate of less than one kg−1 day−1
(assuming σ0 ∼ 10−42 cm2).[73] The current aim of direct detection instruments is
to test down to sensitivities of 10−44 cm2 (or 10−8 pb, equivalent to ∼1 event kg−1
year−1). The next generation of detectors seek to improve this further, aiming to
reach 10−46 cm2 (or 10−10 pb, ∼1 event ton−1 year−1).
Interactions between target nuclei and neutrons result in a nuclear recoil signature,
mimicking that of a WIMP-nucleon interation. In addition, there are background
electron recoil events from γ or β particles from the natural radioactivity background
of the detector and its environment of which distributions can overlap those of
nuclear recoils. Therefore, the successful detection of extremely rare WIMP-nucleon
interactions demand high particle discrimination.
When a detector, designed to probe down to a certain cross section sensitivity, ex-
cludes some region of themw-σ0 parameter space, it places constraints on the WIMP
cross section and mass at certain confidence levels. Rescaling the WIMP-nucleus to
a WIMP-nucleon cross sections allows comparison between different experiments.
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Each null experimental result then places limits on the WIMP-nucleon interaction
rate, which is lower, or more rare. Consequently, the next generation of detector
seeks to probe cross sections of lower orders of magnitude. The iterative nature of
progressively improving detector technologies in this way favours scalable detectors.
Coupling
WIMP-nucleon interaction rates or detector sensitivities can be expressed in terms
of spin-independent or spin-dependent coupling. The cross section of the lightest
supersymmetric particle (LSP) for elastic scattering off nuclei contains both spin-
independent and spin-dependent terms.[72]
As the name suggests spin-dependent coupling describes the interaction between
WIMPs and the spin of the target nuclei, where it effectively involves only un-
paired nucleons. In this case the cross section is not proportional to the number of
nucleons or the quark mass but is dependent on the assumed WIMP type. Only
nuclei with an odd number of protons and/or an odd number of neutrons can show
spin-dependent interactions.[72] Thus the main consideration when measuring spin-
dependent WIMP-nucleon cross sections is to use odd-p, odd-n, or odd-p and odd-n
target nuclei to maximize the number of unpaired nucleon spins. [73]
Spin-independent, scalar (coherent) coupling σSI , where all coupling occurs equally
to all nucleons, is dependent on the number of target nucleons Nnuc; σSI ∝ N2nuc.[74]
Equivalently σSI ∝ A2, where A is the target’s atomic mass number. Thus rates
or cross sections should be divided by A2 to normalise (i.e. convert from WIMP-
nucleus to WIMP-nucleon) for different target elements across different experiments
and σSI is greatly enhanced for heavy nuclei.[72] In detectors with heavy target nuclei
(A &30), such as xenon (A=131) spin-independent dominates over spin-dependent
scattering.[74]
2.1.2 Annual Modulation
A second type of WIMP signature that direct detection methods can potentially
identify is the annual modulation of event count rates (see Figure 2.1). This is due
to the Earth’s orbital velocity around the Sun, vorb=30 km s
−1[75]. The movement of
the Sun, with velocity vSun= 232 km s
−1[75], generates a ‘WIMP wind’. The average
WIMP velocity can be seen to vary by approximately +15 km s−1 in summer and
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Figure 2.1: Schematic detailing the annual modulation WIMP signature. The
WIMP wind induced by the Sun’s motion and the relative velocity changes in
summer and winter produce a yearly modulation of count rates. Adapted from
[42]
-15 km s−1 in winter by the following:
vEarth = vSun + vorb cos γ cos[ω(t− t0)] (2.7)
= vSun ± 30 cos(60) cos((2pi/365)153) (2.8)
≈ vSun ± 15 (2.9)
where vEarth is the velocity of the Earth through the Galaxy, γ=60
o is the angle of
inclination of the Earth’s orbital plane relative to the galactic plane and ω ≈ 2pi/365
radian day−1, with the phase, t0=152.5 days, corresponds to June 2
nd.[75] The
second term in Equation 2.7 together with the WIMP wind leads to variations in the
mean kinetic energy for approaching WIMPs. Hence, a predicted annual asymmetry
rate of a few %[76] in the WIMP flux and spectrum is expected. Controversially, in
1998[75] a WIMP signal was hinted at, later announced in 2003[77] and confirmed
in 2008[78]; the DAMA group claimed to have successfully detected this asymmetry,
witnessing the first detection of dark matter! This is discussed further in Section
2.3.
2.1.3 Diurnal Modulation
A third, potential WIMP signature is the diurnal modulation of recoil direction (see
Figure 2.2). On a daily basis a high directional asymmetry of WIMP scattering
events is expected. This is because of the WIMP wind and sidereal rotation, the
daily rotation of the Earth. By recording the track directions of the recoil nuclei
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Figure 2.2: Schematic showing the diurnal modulation WIMP signature mea-
sured at the Boulby mine, North Yorkshire, with latitude LBoulby. The WIMP
wind induces a strong asymmetry of nuclear recoil directions which are modulated
daily. Adapted from [42]
one can look for evidence of this time-dependent asymmetry. Such evidence would
indicate dark matter interactions within the detected signal. However, at the very
low energies involved in WIMP interactions, successful detection using this technique
is highly ambitious.
A UK-USA collaboration are developing the Directional Recoil Identification From
Tracks (DRIFT)[79] time projection chamber (TPC) programme of detectors, de-
signed to observe the strong diurnal modulation signal. Ionisation track recoil ener-
gies and ranges ∼mm[80] are measured with two 1 m long multi-wire proportional
chambers (MWPCs) of 1 m3 sensitive volume in low-pressure CS2 gas, allowing po-
tential correlation of the direction of nuclear recoils with our motion through the
Galaxy.[79]
The CS2 gas acts both as an effective dark matter target material and as an elec-
tronegative molecule which captures the electrons and preserves the tracks as they
are drifted along the chamber, until separated again by the electric field, inducing an
avalanche. Discrimination of electron recoil and alpha versus nuclear recoil tracks
is achieved through their relative track lengths.[80]
DRIFT I[81] was originally operated underground at Boulby in 2001 in the
high-pressure search mode to discriminate between nuclear recoils and gamma-
background. The alternative, low-pressure mode of operation to investigate di-
rectionality was planned to take over if a signal was detected. During operation no
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positive WIMP signal was found.
DRIFT II, offering 3D instead of 2D track reconstruction[82], is expected to reach
sensitivities of 10−7pb[83]. Laboratory space and facilities exist to increase the size
of the array to include up to 20 adjacent modules.[82]
Adopting a similar approach to DRIFT, the NEw generation WIMP search with
an Advanced Gaseous tracking device Experiment (NEWAGE)[84] is a directional
experiment with a CF4 gaseous micro-pixel readout TPC. Pilot runs of small-volume
(10 × 10 × 10 cm3) and large-volume (23 × 28 × 30 cm3) TPCs on the Earth’s
surface[84], yielded the first directional limit on the spin-dependent WIMP-nucleon
cross section of 1.36×104 pb[85]. An underground measurement was initiated in the
Kamioka Observatory in 2007.[84]
2.2 Detection Principles
Low energy nuclear recoils induced by WIMP scattering, can be detected via the
phonon, charge or light signals generated in the target material. These, along with
the main requirements of direct WIMP detection technology, are detailed below.
2.2.1 Signal Channels
The preferred experimental techniques for detecting WIMPs by WIMP-nucleon scat-
tering currently involve bolometric, ionisation and scintillation devices, or a combi-
nation of any two and can be classified as in Figure 2.3.[42]
Ionisation can occur by several routes: in the case of a γ-ray interaction the elec-
tron produced will scatter inelastically from the surrounding atoms causing further
ionisation as bound electrons are ‘knocked out’ of the atoms; in the case of a nu-
clear recoil, either from a WIMP or a neutron scatter, the recoiling atom will collide
with other atoms and this process can release bound electrons or excite them to
higher states. Detectors utilising the technique of ionisation alone are incapable
of distinguishing nuclear recoils from electron recoils (background). Detectors using
scintillation (light) and/or ionisation (charge) principles can attempt event-by-event
discrimination of nuclear and electron recoils.[42]
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Figure 2.3: Schematic showing the three primary approaches to the detection
of recoil energy depositions: ionisation, scintillation and phonon detection. Any
one, or combination of two, of these principles may potentially result in successful
WIMP detection. The technologies associated with some past, present and future
experiments are also shown. Those utilising noble liquids lie in the region enclosed
by the broken line.
When an excited electron falls back to its ground state a photon is emitted. This is
the process of scintillation. Often WIMP detectors adopting this method, measuring
the emitted photons, employ photomultiplier tubes to produce a pulse of current
for every scintillation detected. Either crystal or liquid noble gas scintillators can
successfully discriminate between nuclear and electron recoils using statistical pulse
shape analysis. This is possible since nuclear recoils have higher energy loss per unit
track length (linear energy transfer (LET), dE/dx) which alters the timescale of the
processes leading to scintillation.[86]
2.2.2 Detector Requirements
The constraints placed on WIMP direct detection technology have inspired a vast
number of detector designs and experiments around the world. The three main
constraints on detector design - target mass, energy threshold and background min-
imisation - may be summarised as follows.
The target mass should be as large as possible in order to maximise interaction prob-
ability. To achieve competitive detector sensitivities at the moment target masses
should exceed the order of a kilogram.
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The WIMP signal produced from elastic scattering is expected to give rise to
an energy spectrum that is featureless and decreases exponentially (see Equation
2.2). Furthermore, the dark matter region of interest lies in the .100 keV energy
range[87]. Thus, the energy threshold should be minimised in order to maximise the
signal strength.
Minimisation of the internal and external sources of background is crucial for WIMP
detectors. At the design stage careful consideration must be given to detector mate-
rials including those of the auxiliary systems. Locating WIMP detectors in under-
ground laboratories can significantly reduce the level of external backgrounds. More
specifically, cosmic ray muons produce a neutron flux of ∼106 counts kg−1yr−1 at
the Earth’s surface which is negligible ∼1 km below the Earth’s surface.[88] Addi-
tional shielding can be fitted around the detector. Particle discrimination also plays
a major role in effective background minimisation and event rejection. The choice of
signal channel(s) determines which discrimination technique is adopted while useful
event rejection can be achieved by the inclusion of a veto system. For a comprehen-
sive list of background sources present in the ZEPLIN III setup see Section 3.1 and
Table 3.1.
2.3 Single Channel Detectors
Several of the current global WIMP detection experiments can be classified as single
channel detectors: adopting only one, not a combination of the detector techniques
of ionisation, scintillation and phonon detection. A description of two such detectors
follows (see also Table 2.1).
Scintillation
The DAMA experiment is one example of a dark matter detector utilising scin-
tillation detection (see Section 1.6.1). The original DAMA experiment used 100
kg Sodium Iodide (NaI) detectors with temporal analysis in a bid to detect an an-
nual modulation WIMP signature (see Section 2.1.2). It is located underground at
the Gran Sasso National Laboratory, Italy. The acquired data appeared to show a
modulated cosine-like behviour and after seven years of running the DAMA group
claimed a 6.3σ positive WIMP-signal detection with a fitted t0 of 140±22 days.[89]
This suggested the existence of WIMPs, assuming a mass of 60 GeVc−2, with an
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interaction cross section of 7.0×10−6 pb, corresponding to a rate of ∼ 1 event day−1
kg−1.[89] However, according to other groups e.g. CDMS and EDELWEISS, the
events in question should not have been attributed to scattering events from dark
matter. They concluded cosmic rays producing background neutrons and penetrat-
ing their laboratory were the most likely culprit with the general view of either some
background contributions or detector systematics being accountable.[90][91][92] The
controversial nature of the DAMA result was heightened by the other searches failure
to detect dark matter interactions at apparently better sensitivities.
In 2003 the DAMA successor Large sodium Iodide Bulk for RAre processes (LIBRA)
started operating at the Gran Sasso site. This second generation detector is a ∼250
kg NaI detector, with 25 crystal scintillators and improved radiopurity[77]. Like
DAMA, it is based on the technique of scintillation with temporal analysis. Mean-
while, a 1-ton, third generation detector remains in its research and development
phase.[77]
In 2008 the DAMA/LIBRA collaboration announced a revised dark matter result,
through the combination of DAMA/LIBRA and DAMA/NaI (first generation) data,
claiming the detection of dark matter particles in the galactic halo with a 8.2σ
CL.[47]
It was shown that, looking at single-hit events (a class to which the dark matter par-
ticle induced events belong), a clear modulation is present and statistically well dis-
tributed in all the crystals, in all the data taking periods and in all of the considered
energy intervals. The 2-6 keV energy interval is shown in Figure 2.4. Furthermore,
the periods and phase of the modulation amplitudes agreed with those expected in
the case of a dark matter particle induced effect. The collaboration also excluded
many effects either from systematics or side processes (such as temperature, radon
background and noise amongst others). As with the previous DAMA/NaI result,
controversy resides over the combined result since no experiment exists whose re-
sults can be directly compared[47] as, if correct, the WIMPs involved are not the
neutralinos expected from within SUSY, and worries about the systematics remain.
A second example of a solid scintillator detector, of which recent performance has
yielded a null-signal in the DAMA region which should be noted, is KIMS. The
KIMS collaboration developed low background CsI(Tl) crystals to detect the signals
from the elastic scattering of WIMPs off the target nuclei, exploiting the detection
approach of scintillation.[48] Both 133Cs and 127I nuclei are sensitive to the spin-
independent and spin-dependent interactions of WIMPs. From 2004, the KIMS
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Figure 2.4: The time behaviour of the model-independent residual rates for
single-hit events collected by the new DAMA/LIBRA experiment (over 4 annual
cycles) and those by the former DAMA/NaI experiment (over 7 annual cycles)
in the 2-6 keV energy interval. The zero of the time scale is January 1st of the
first year of data taking of the DAMA/NaI experiment. The superimposed curve
represents the cosinusoidal functions behaviours Acosw(t− t0) with a period T=1
year and a phase t0=152.5 day (June 2
nd). [47]
detector has been operational[93] and consists of four 8.7 kg[48] CsI(Tl) crystals
used in conjunction with eight PMTs, with a view to progressively upgrading the
target mass, up to 250 kg[93].
2.4 Dual Channel Detectors
Dual channel detectors adopt two information read-out channels. These types of
detector are becoming increasing popular in the worldwide race to detect WIMPs
since they offer high nuclear recoil discrimination. Such experiments include CDMS
II, EDELWEISS II, CRESST II, ROSEBUD, XENON, WARP, ZEPLIN II and
ZEPLIN III (see Section 1.6.1). These experiments are described briefly below and
a synopsis of their main characteristics is given in Table 2.1.
Phonons & Ionisation
The CDMS II[55] and EDELWEISS II[95] heat and ionisation cryogenic experiments
are currently both operational. For increased sensitivity, the second-generation
CDMS detector, CDMS II, uses 2-7 kg of Germanium (Ge) and Silicon (Si) semi-
conductor crystals to collect the phonon and ionisation signals simultaneously. Its
predecessor, CDMS I[43], used only 1 kg of Ge and Si and ran at Stanford, Cal-
ifornia. This novel approach, using Ge and Si crystals, has equipped the CDMS
group with the potential to discriminate between nuclear recoils due to neutrons
and WIMP induced events.
